A novel route of superchiral near-field generation is demonstrated based on geometrically achiral systems supporting degenerate and spatially superimposed plasmonic modes. Such systems generate a single-handed chiral near field with simultaneous zero far-field circular dichroism. The phenomenon is theoretically elucidated with a rotating dipole model, which predicts a uniform single-handed chiral near field that flips handedness solely by reversing the handedness of the source. This property allows detection of pure background free molecular chirality through near-field light-matter interaction, which is experimentally demonstrated in the precise identification of both handedness of a chiral molecule on a single substrate with about four orders of magnitude enhancement in detection sensitivity compared to its conventional volumetric counterpart. DOI: 10.1103/PhysRevLett.120.137601 Chirality is a ubiquitous property of life found in all biological systems, from fundamental left-handed amino acids and right-handed glucose, to the inherent chirality of complex DNA strands and proteins. Present in two enantiometric configurations: left (sinister, s-) and right (dexter, d-) [1], chiral molecules have undistinguishable physical properties and degenerate transition frequencies that do not allow their straightforward identification with common spectroscopic techniques. However, it is the interaction with other enantiomers that is the key to differentiate their intrinsic chiral configuration. Circularly polarized light (CPL), right polarized (RCP), or left polarized (LCP), is a classical example of an electromagnetic enantiomer pair that allows chiral lightmatter interaction in circular dichroism (CD) spectroscopies. However, free propagating CPL has an upper chiral density bound that limits chiral light-matter interactions [2] [3] [4] .
Chirality is a ubiquitous property of life found in all biological systems, from fundamental left-handed amino acids and right-handed glucose, to the inherent chirality of complex DNA strands and proteins. Present in two enantiometric configurations: left (sinister, s-) and right (dexter, d-) [1] , chiral molecules have undistinguishable physical properties and degenerate transition frequencies that do not allow their straightforward identification with common spectroscopic techniques. However, it is the interaction with other enantiomers that is the key to differentiate their intrinsic chiral configuration. Circularly polarized light (CPL), right polarized (RCP), or left polarized (LCP), is a classical example of an electromagnetic enantiomer pair that allows chiral lightmatter interaction in circular dichroism (CD) spectroscopies. However, free propagating CPL has an upper chiral density bound that limits chiral light-matter interactions [2] [3] [4] .
Recent efforts have been made to produce light fields with chiral density larger than CPL, called superchiral fields, using specially engineered fields. One approach is based on macroscopic interference produced by two counterpropagating CPL beams with opposite handedness to enhance the absorption rate of chiral molecules but at the cost of reducing electric field intensity [3, 4] . Other alternative methods employ photonic [5] [6] [7] [8] and plasmonic [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] surfaces to produce superchiral near fields [16] [17] [18] [19] [26] [27] [28] [29] [30] [31] [32] . Nevertheless, these systems produce a strong farfield CD signal that potentially overshadows weak molecular CD signals and low chiral near-field purity, i.e., similar contribution from both near-field handedness in the same volume. These mutually exclusive requirements were not accomplished in previous attempts based on macroscopic interference [3, 4] , geometrically chiral [17] [18] [19] [20] 30, 31] , or achiral [15, 16, [26] [27] [28] [29] plasmonic substrates.
In this Letter, we demonstrate single-handed superchiral near-field generation on an achiral cavity-coupled plasmonic system, see Fig. 1 (a), with simultaneous zero CD signal in the far field. The system supports two degenerate and superimposed orthogonal plasmonic modes that are simultaneously excited with CPL with the corresponding phase difference between each other resulting in an effective rotating resonance. The coherent interaction between the localized surface plasmon and the cavity enhances the otherwise weak uncoupled-plasmonic resonance and produces the superchiral near field [33] [34] [35] . The physical phenomenon that allows this exceptional effect is elucidated with an achiral oscillating point dipole model, which accurately agrees with the finite difference time domain (FDTD) predicted plasmonic modal behavior. It is found that the spatiotemporal distribution of the rotating resonance, and not the field distribution per se, is the true mechanism of this unique superchiral near field generation.
Finally, we experimentally demonstrate, for the first time, vibrational circular dichroism (VCD), where both chiral enantiomers are accurately identified at very low concentration ∼3.8 nL volume with 3 wt% molecular filling fraction on a single achiral plasmonic substrate.
The spatial distribution of the electromagnetic chiral density of an arbitrary complex field, whether in the near field or far field, related to the spin angular momentum and helicity of light [36] [37] [38] , is given by [2, 4] 
where E and B are the complex time varying electric and magnetic field vectors, r is the position vector, and ε 0 is the vacuum permittivity. As stated by Eq. (1), it is the collinear configuration with nonzero phase difference between the electric and magnetic fields that produces a finite value of chiral density. For a backward propagating plane wave, E ¼ ð1/ ffiffi ffi 2 p ÞE 0 ðx þ e iΔϕŷ Þe −iðωt−k·rÞ , B ¼ ðk × EÞ/ω and k ¼ −kẑ, where k is the free space wave vector, E 0 the electric field magnitude, and Δϕ the phase between the orthogonal field vectors, the chiral density becomes CðrÞ ¼ −ðε 0 ω/2cÞE 2 0 sinðΔϕÞ, where c is the speed of light in vacuum. It is clearly evident that a linearly polarized (LP) plane wave (Δϕ ¼ 0) does not carry chiral density since the transverse E and B fields are always orthogonal; see Fig. 1(b) . This is not the scenario for CPL whose chiral
. Any arbitrary polarization state will render lower chiral densities than CPL, yet retaining the corresponding helicity determined by the phase difference as observed in Fig. 1 
(b).
The proposed achiral plasmonic substrate is illustrated in Fig. 1(a) , which is comprised of a nanostructured square array of gold hole disks (P ¼ 740 nm, D ¼ 480 nm, holedisk separation h ¼ 350 nm, and film thickness of 30 nm) coupled with an asymmetric Fabry-Perot cavity. The cavity is formed with a gold back reflector separating the plasmonic pattern with cavity thickness (L) determined by the dielectric film. In order to understand the electromagnetic properties of this coupled system we performed finite difference time domain (FDTD) simulations; see Supplemental Material [39] . Figure 2 (a) shows the absorption dispersion for LP excitation. The first interaction, yet not the scope of this work, occurs around 9700 − 7000 cm −1 where the hole-disk system supports natural localized surface plasmon (LSP) modes induced solely by the geometrical parameters of the array. In this band hybrid resonance modes are observed as absorption frequency splitting around the LSP absorption band due to the coherent interaction between cavity and plasmonic modes [33, 34] .
A second, yet more interesting, interaction occurs when the cavity resonates away from the natural LSP band of the top plasmonic pattern. The cavity resonance depends strictly on the propagation phase imposed by the cavity (n d kL), where n d is the refractive index of the dielectric spacer. Although adding a cavity enhances the LSP mode at the natural LSP band compared to its uncoupled counterpart [33] , the excitation of LSP modes at lower energies is possible when placing a polarizable element inside the cavity [43] as observed in the absorption spectra in Fig. 2(b) . At the fundamental cavity resonant mode the electric field antinodes are located around the optical center of the cavity where the disk is placed, while strong magnetic field antinodes are located at the edges of the cavity, i.e., the back reflector and the top hole array. As a result, the cavity selectively polarizes the hole-disk system inducing electric or magnetic LSP modes (e-LSP or m-LSP) on the disk or hole, respectively, as observed in Fig. 3 . This symmetric achiral system supports two degenerate LSP resonances along each of the lattice axes. Upon illumination with CPL both LSP modes are excited simultaneously with a phase difference imposed by the excitation source. Both electric and magnetic field intensity distributions are exactly the same when excited either by LCP or RCP, see Fig. S1 (a) [39] , without any dissymmetry in the absorption spectrum; see Fig. 4(c) . However, the chiral nearfield density generated by this system is remarkably different. As observed in Figs. 4(a) and 4(b) , the near-field chiral density has the same handedness as the incident light which fully reverses when flipping the incident CPL excitation on the same geometry. Furthermore, volume integration in the upper half-space of the unit cell at resonance reveals 99.96% of the near field has CPL-like chiral density and only 0.04% has the opposite helicity across the entire LSP band; see Fig. S2 [39] . This is not the case for LP where the chiral near-field volume average is zero as both helicities are present; see Figs. S1(a) and S2 [39] .
The aforementioned property is phenomenologically modeled using a rotating dipole (RD); see Fig. S3 [39] . The plasmonic system, when excited with CPL, produces a spatiotemporal rotating motion along the optical axis making the rotating dipole model suitable for the present context. The RD oriented in the xy plane at z ¼ 0 isp ¼ p 0p e −iωt ¼ ð1/ ffiffi ffi 2 p Þp 0 ðx þ e iΔϕŷ Þe −iωt , where p 0 is the dipole moment magnitude and ω is the angular frequency. A right (left) RD corresponds to a phase difference of þð−Þπ/2 [39] . The corresponding electric and magnetic fields associated with this dipole are E RD ðrÞ ¼ ð1/4πε 0 Þ ðe ikr /r 3 Þfk 2 r 2 ðn ×pÞ × n þ ½3nðn ·pÞ −pð1 − ikrÞg, and B RD ðrÞ ¼ ξðcμ 0 k 2 /4πÞðe ikr /rÞðn ×pÞ½1 − ð1/ikrÞ [40] . Here n is the unit vector and r is the position vector with magnitude r. In addition, an enhancement factor ξ is introduced in the magnetic field. This empirical variable quantifies the common misbalance in the magnetic to electric near-field enhancement factors on plasmonic systems at resonance.
Solving Eq. (1) for this set of vector fields we obtain that the spatial dependence of the RD chiral near-field density is
were C RD0 is a scale factor given by the dipole electromagnetic parameters [39] . From this simple result we can make three important observations: for a fixed rotation direction Δϕ the chiral near field in the entire upper stratum, z > 0, has same chirality sign that fully reverses uniquely by flipping the rotation direction of the dipole Δϕ; the chirality of a linear dipole is zero; and the chiral field is strictly confined in the near-field around the dipole oscillation center as seen in Fig. S4 [39] . Finally, the total chiral near-field is obtained by including the total field, i.e., E T ¼ E CPL þ E RD and B T ¼ B CPL þ B RD . The contribution to the total chiral density,
originates from four sources: the incident field (C CPL ) and RD (C RD ), as previously described, and the interaction from the incident electric or magnetic field with the dipole-generated magnetic or electric field (C ECPL−BRD /C ERD−BCPL ). Solving the electromagnetic chirality for these two extra terms the total chirality becomes
where κ ¼ α 0 k/4πε 0 is the normalized dipole polarizability and α 0 is the dipole polarizability, see the Supplemental Material for full result as a function of Δϕ [39] . It is clear that both polarizability and magnetic field enhancement have significant effect to the total chiral near-field. Consider Eq. (3) for ðx; yÞ ¼ 0, r ¼ z and z > 0 plotted in Fig. 4(f) , left panel and xy planes for z ¼ z 0 and representative (κ, ξ) plotted in Fig. 4(f) , right panel. The condition for ξ that produces zero chiral density is ξ th ¼ ð1 − κ −1 r 2 Þð1 − k 2 κÞ −1 determining the threshold at which the chiral density flips sign with respect to the incident field [green line in Fig. 4 (f) and conditions i and ii]. It also determines the nature of the total chiral density. If ξ > ξ th , the dipole magnetic field dominates (C ECPL−BRD ) observed in condition i compared to ii for ξ < ξ th . In addition, if ξ > ð1 − k 2 κÞ −1 , the total near field becomes superchiral [blue line in Fig. 4(f) and conditions iv and v] . On the other hand, if ξ < ξ th the dipole electric field dominates (C ERD−BCPL ) reversing the chiral density sign with respect to the incident field with superchiral light generation condition when ξ < ð1 − 2κ −1 r 2 Þð1 − k 2 κÞ −1 [red line in Fig. 4(f) and conditions iii and vi] .
This RD model reveals the true nature of the chiral near field generated by the dipolelike LSP mode excited in our achiral plasmonic system. As observed in Fig. 3 , the m-LSP dominates the resonance on the top hole over the e-LSP mode establishing the condition of weak electric polarizability but large magnetic field enhancement. The spatial chiral density profile (xz for y ¼ 0) for such a RD is plotted in Figs. 4(e) for right RD and left RD, respectively. In this result a centrosymmetric chiral density profile is observed on top of the RD dipole [ Fig. 4(f) ]. As observed in Fig. S1 (a) [39] it is not the LSP field distribution per se that produces single-handed chiral near fields but its spatiotemporal distribution of the rotating degenerate resonance, which was not the case in a symmetric, yet achiral, configuration [27] . Finally, the effective rotating LSP mode produces twisted Poynting vectors swirling into the hole. As a result, an optical vortex is generated demonstrating the existence of orbital angular momentum. Hence, the local field helicity along with the twisted phase fronts must conserve the total incident angular momentum [36] .
The absorption dissymmetry for an arbitrary molecule is determined by both matter and light chirality [44] . While matter chirality is fixed for a particular molecule, it is only the electromagnetic chirality that enhances the scattered far-field CD signal, defined as g ¼ 2ðR
The proposed system is achiral and hence does not change the overall geometrical chirality (molecule þ device). However, it advantages from the fact that it is able to exploit both chirality as well as the enhanced superchiral near field at the hot spots localized around the patterned area, which concomitantly enhances the lightmatter interaction. We demonstrate surface enhanced vibrational chiral dichroism, pictographically represented in Fig. 5(a) , in our proposed achiral plasmonic substrate tuned the C-H vibrational band of camphor, ν ∼ 3000 cm −1 . The chiral molecules are embedded in a polymer matrix solution at ∼0.614 M concentration, spun coated onto the substrate to form a thin film with an approximate 3% molecular filling fraction as observed in Fig. 5(b) . The optical characterization is performed using a microscope-coupled FTIR probing a volume of ∼3.8 nL, see the Supplemental Material [39] . The optical configuration is schematically shown in Fig. 5(c) .
The dissymmetry in the reflectance (g) for (d) camphor and (s) camphor is shown in Fig. 5(d) , where g ∼ 5 × 10
is observed around the LSP resonance, represented by the vertical line in Fig. 5(d) . In contrast, the same films deposited and characterized on a flat gold film and on the same achiral plasmonic substrate detuned from the camphor absorption band do not show dissymmetry in the reflectance spectra; see Fig. 5(d) . Therefore, it is the chiral near field generated by the plasmon resonance, which further overlaps with the absorption band of the chiral analyte, that give rise to a finite VCD signal since it is at resonance where the chiral near-field density is maximum. Conventional VCD spectroscopy of 0.6 M camphor in liquid solvent [45] reveals path length normalized dissymmetry factors (g/μm) in the order of 2 × 10 −7 μm −1 . In contrast, our demonstration on a similar concentration but much smaller effective path length of ∼1 μm, dissymmetry factors of g ∼ 5 × 10 −3 μm −1 is observed, with about 4 orders of magnitude enhancement in detection sensitivity (g/μm). According to our simulations, the achiral plasmonic structure offers superchiral near-field generation through the magnetic plasmon resonance. This is a limiting factor in the current demonstration since the chiral molecular absorption rate is predominantly defined by electric dipole transitions.
In this Letter, we present a novel way to generate a single-handed superchiral near field on achiral plasmonic substrates with simultaneous zero far-field CD. The fundamental physical mechanism is theoretically elucidated using a rotating dipole model and experimentally demonstrated in surface-enhanced VCD on a single achiral substrate. The proposed concept removes the constraint in surface-enhanced chiroptical spectroscopy requiring both chiral plasmonic enantiomers to perform enantiomeric discrimination. We envisage the result of this work will promote further fundamental and applied research in biosensing, where not only the detection of the target analyte would be possible, but its chiral configuration like real time monitoring of protein folding as well.
